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Abstract 

Melanin concentrating hormone (MCH), a neuropeptide produced mainly in neurons localized to the lateral hypothalamic 
area (LHA), has been implicated in the regulation of food intake, energy balance, sleep state, and the cardiovascular system. 
Hypothalamic MCH neurons also have multlsynaptic connections with diaphragmatic motoneurons and project to many 
central chemoreceptor sites. However, there are few studies of MCH involvement in central respiratory control. To test the 
hypothesis that MCH plays a role in the central chemoreflex, we induced a down regulation of MCH in the central nervous 
system by knocking down the MCH precursor (pMCH) mRNA in the LHA using a pool of small interfering RNA (siRNA), and 
measured the resultant changes in breathing, metabolic rate, body weight, and blood glucose levels in conscious rats. The 
Injections of pMCH-siRNA into the LHA successfully produced a ~62% reduction of pMCH mRNA expression In the LHA and 
a —43% decrease of MCH levels in the cerebrospinal fluid relative to scrambled-siRNA treatment {P = 0.006 and P = 0.02 
respectively). Compared to the pretreatment baseline and the scrambled-siRNA treated control rats, knockdown of MCH 
resulted in: 1) an enhanced hypercapnic chemoreflex {~42 & 47% respectively; P < 0.05) only in wakefulness; 2) a decrease 
in body weight and basal glucose levels; and 3) an unchanged metabolic rate. Our results indicate that MCH participates not 
only in the regulation of glucose and sleep-wake homeostasis but also the vigilance-state dependent regulation of the 
central hypercapnic chemoreflex and respiratory control. 



•0-PLOS I o-^E 



Citation: Li N, Nattie E, Li A (2014) The Role of Melanin Concentrating Hormone (MCH) in the Central Chemoreflex: A Knockdown Study by siRNA in the Lateral 
Hypothalamus in Rats. PLoS ONE 9(8): el 03585. doi:1 0.1 371/journal.pone.Ol 03585 

Editor: Julie A. Chowen, Hosptial Infantil Universitario Nino Jesus, CIBEROBN, Spain 

Received April 24, 2014; Accepted June 30, 2014; Published August 1, 2014 

Copyright: © 2014 Li et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are included in the paper and 
its Supporting Information files. 

Funding: This work and the authors were supported by HL 28066 from The National Heart, Lung, and Blood Institute (https://www.nhlbi.nih.gov/). The funder 
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. 

Competing interests: The authors have declared that no competing interests exist. 

* Email: Aihua.Li@Dartmouth.edu 



introduction 

Melanin concentrating hormone (MCH), a 17-amino acid 
neuropeptide, was originally isolated from the pituitary gland of 
salmon where it controls skin pigmentation [1]. In mammals, 
MCH is mainly synthesized in neurons of the lateral hypothalamus 
and zona incerta in the central nervous system (CNS), where it is 
posttranslationaUy cleaved from a larger precursor molecule, 
prepro-MCH (pMCH). The axons of hypothalamic MCH- 
containing neurons project diffusely to multiple sites in the CNS 
and the MCH receptors are widely distributed throughout the 
brain [2,3], suggesting multiple functions for MCH. 

Neuropharmacological studies in rats and an MCH-overex- 
pressing mouse model have demonstrated important roles of 
MCH in die regulation of body weight and food intake [4,5]. 
MCH also participate in the balance of the sleep-wake cycle [6,7]. 
Recent studies showed that central administration of MCH into 
lateral ventricle (i.c.v.) or nucleus tractus solitarius (NTS) caused 
depressor and bradycardiac responses in both anesthetized and 
conscious rats [8,9]. Intrathecal injection of MCH produced a 
dose-dependent hypotension, bradycardia, and sympathetic de- 
pression, and attenuated the sympathetic response to stimulation 
of peripheral (anoxia, ~4.4% Og) or central (hyperoxic hyper- 



capnia 10% C02/93% O2) chemoreceptors [10]. This evidence 
suggested a role of MCH in autonomic functions. 

Anatomical studies have suggested a role for MCH in 
respiratory control. Injection of a transneuronal tracer into the 
diaphragm showed that phrenic motoneurons are innervated by 
both hypothalamic MCH and orexin neurons [1 1]. MCH neurons 
send projections to many brain sites that contain putative central 
chemoreceptors, such as the locus coeruleus (LC), the dorsal 
raphe, the NTS, and the area of retrotrapezoid nucleus (RTN) 
[3,12-15]. In addition, in the lateral hypothalamic area (LHA), 
MCH neurons are closely intermingled with chemosensitive orexin 
neurons, and these two types of neurons are interconnected 
[11,16-19]. Orexin induces depolarization of MCH neurons by 
evoking a direct inward current and by increasing excitatory 
synaptic activity [20,21]. MCH reduces glutamate release at 
presynaptic terminals and blocks orexin-A mediated enhancement 
of action potential generation in orexin neurons [22]. Orexin is 
known to participate in the regulation of cardiorespiratory 
function and in the central hypercapnic chemoreflex [23,24] 
while the role of MCH in these functions is poorly understood. 
Here we hypothesize tiiat MCH also participates in regulation of 
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the central chemoreflex and that suppression of MCH activity will 
significantly increase the central hypercapnic chemoreflex. 

RNA interference (RNAi) is a mechanism for highly selective 
and reversible gene suppression [25], and the small interfering 
RNA (siRNA) can bind to the specific messenger RNA (mRNA) 
molecules and decrease their activity via preventing an mRNA 
from producing a protein [25]. In rat using siRNA, Chen at al. 
successfully knocked down the prepro-orexin in the LHA, the 
same area where the MCH neurons reside [26] . In this study, we 
utilized a pool of siRNA to knock down the expression of the 
precursor gene, pMCH, which encodes the production of MCH in 
the LHA, to assess the role of MCH in the central chemoreflex. 
We measured the hypercapnic ventilatory response, together with 
body weight, body temperature, metabohc rate, glucose levels in 
wakefulness and sleep before and after knockdown and in controls 
injected with scrambled siRNA. 

Methods 

Ethical Approval 

All animals were treated humanely and aU experiments were 
conducted in strict accordance with the guidelines of the National 
Institutes of Health for animal use and care using a protocol 
approved by the Institutional Animal Care and Use Committee 
(lACUC) at the Geisel School of Medicine at Dartmouth College. 
AU surgical procedures were performed under ketamine/xylazine 
anesthesia, and all efibrts were made to minimize suffering. 

Animals 

A total of 37 adult Sprague-Dawley male rats (250-300 g; 
Harlan Laboratories, IN) were used in this study. All the animals 
were individually housed under 1 2 h: 1 2 h light: dark cycle (lights 
on at 12:00 AM, off at 12:00 PM) at 22±rC. Food and water 
were provided ad libitum. At the conclusion of the experiments, 
the rats were killed by intraperitoneal (i.p.) injection of a 
euthanasia solution, Euthasal (0.3 ml/kg, Virbac AH, Inc, TX, 
USA). 

Experimental design 

Two sets of experiments were designed to evaluate the effects of 
pMCH knockdown via pMCH-siRNA, and they are: 1) to verify, 
in vitro, the effectiveness of the pMCH siRNA treatment and 
examine the levels of MCH peptide in the CSF following the 
pMCH siRNA administration, and 2) to evaluate, in vivo, the 
effects of a lower level of MCH in the CNS on body weight, 
glucose homeostasis, metabolic rate, and hypercapnic ventilatory 
response in wakefulness and sleep. 

Experiment 1 

In the first set of experiments, we verified the target effects of the 
pMCH siRNA by performing a real-time PCR for mRNA 
expression of pMCH, orexin-A, and orexin receptor 1 (OXIR) in 
the LHA, and a fluorescent enzyme immunoassay (EIA) for the 
protein levels of MCH in the CSF. 

Surgery and siRNA injections. The animals were randomly 
divided into 3 groups with 5 animals in each group. After 
intramuscular (i.m.) administration of ketamine (100 mg/kg. 
Putney, Inc. Pordand, ME, USA) and xylazine (15 mg/kg, Lloyd 
Labs, Walnut, CA, USA) cocktail, rats in Group 1 were bilaterally 
injected with a pool of pMCH siRNA (0.06 nmol in 0.3 |il water; 
ID nos: sl28229, s217872, s217873, Ambion, Applied Biosystem, 
USA; Table 1). Animals in Group 2 received injections of 
scrambled sequences (scrambled siRNA), which have no homology 
to known rat genes, as control (0.06 nmol in 0.3 nl water; Ambion 



In Vivo Negative Control #1 siRNA, Apphed Biosystem, USA; 
Table 1). Rats in Group 3 received injections with artificial CSF 
(aCSF, 0.3 |J.l). AU injections were made into the LHA using a 
Hamilton syringe with two injections on each side. Coordinates 
[27] for the LHA target site were: 3-3.4 mm caudal from bregma 
and 1-2 mm lateral to the midline, with a depth of 8-8.8 mm 
from the surface of the skuU. Forty-eight hours after treatment, the 
animals were sacrificed with an overdose of Euthasal (0.3 ml/kg, 
i.p.). 48 hours post injection, the hypothalamus was quickly 
dissected out, weighed, and immediately immersed in RNAlater 
RNA stabUization reagent (5 ml, Qiagen, Valencia, CA, USA) and 
subsequentiy stored at 4°C untU processed for RNA extraction. 

RNA extraction and Real-time PCR. Total RNA was 
isolated from the dissected hypothalamic tissue using QIAzol lysis 
reagent according to the manufacturer's manual (Invitrogen, 
Carlsbad, CA, USA) and purified on RNeasy Lipid Tissue Mini 
Kit columns (Qiagen, Valencia, CA, USA) with on-column DNase 
digestion using the RNase-Free DNase set (Qiagen, Valencia, CA, 
USA). Six hundred ng of total RNA was reverse-transcribed using 
the iScriptc DNA syntiiesis kit (Bio-Rad, Hercules, CA, USA) 
according to the manufacturer's directions. Relative mRNA 
expression levels of genes of interest were measured using the 5'- 
fluorogenic nuclease assay in real-time quantitative PCR using 
TaqMan chemistry on the ABI 7300 Prism real-time PCR 
instrument (Applied Biosystems, Carlsbad, CA, USA). The 
pMCH, orexin-A, OXIR, and cyclophiUn A (eye A) primer/ 
MGB probe sets were obtained from Applied Biosystems assays- 
on-demand (vendor ID nos: Rn00561766, Rn00565995, 
Rn00565032 and Rn00690933, respectively). PCR was conducted 
using the following cycle parameters: 50°C for 2 min, 95° for 
12 min for the first cycle, foUowed by 40 cycles of 95° for 
20 seconds and 60° for 1 min. Analysis was performed using the 
sequence detection software supplied with the ABI 7300. The 
relative quantification was performed using the comparative 
threshold cycle (Ct) with the ACt values determined by subtracting 
the values of the reference control gene from the target gene Ct 
values. The difference in the mRNA expression levels between the 
groups was expressed as 2— AACt, where AACt equals the 
difference in ACt between the treatment and scrambled siRNA 
rats. The levels of the gene expression were calculated and 
presented as percentage (%) of the fold change. 

CSF collection and EIA. CSF was coUectcd from the cistern 
magna via puncture of the atianto-occipital membrane with a 
28% G insulin syringe (1 mL, BD SafetyGlide, USA) under 
anesthesia (ketamine/xylazine cocktaU, 100/15 mg/kg, i.p.) 
72 hrs post-inje[:tion in all three groups and was immediately 
frozen and stored in — 80°C. For better detection, CSF was 1:1 
diluted in the Ix assay buffer provided in the commercial 
Fluorescent EIA Kit (FEK-070-47, Phoenix Pharmaceuticals, 
CA, USA). The concentration of MCH was measured according 
to the manufacturer's manual of the kit. Standard curves of MCH 
were prepared for each assay by mixing different concentrations of 
non-biotinylated MCH with a fixed concentration of biotinylated- 
MCH peptide. The absorbance was measured in a 96-wcll plate 
reader (BioTek Synergy 2, Winooski, VT, USA). Absorbance 
results (pg/ ml) were log transformed. 

Experiment 2 

Surgery and siRNA Injections. Twenty two rats were 

anesthetized using the method described above for Experiment 1 
and surgicaUy implanted with electroencephalogram (EEG) and 
electromyogram (EMG) electrodes (PlasticsOne Inc., VA, USA) 
and a telemetric temperature probe (Data Sciences International, 
MN, U.S.A) placed in the abdominal cavity. The detaUed surgical 
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Table 1. Sequences of siRNA. 





siRNA ID 


Sense 


Antisense 


128229 


CGUAGAAGACGACAUAGUAUU 


UACUAUGUCGUCUUCUACGUU 


217872 


AGCAGAAUCUCGUAACUCAUU 


UGAGUUACGAGAUUCUGCUUG 


217873 


GGAGAGAUUUUGACAUGCUUU 


AGCAUGUCAAAAUCUCUCCUU 


In Vivo 
Negative 
Control #1 


UAACGACGCGACGACGUAA 


UUACGUCGUCGCGCGUCGUUA 



doi:l 0.1 371 /journal.pone.Ol 03585.t001 



procedures have been described in an earlier paper [28]. Briefly, 
tliree EEG electrodes were screwed onto the skull and two EMG 
electrodes were inserted under the dorsal neck muscles with all 
electrode wires connected to a six-prong plastic pedestal (Plastics 
One Inc., VA, USA), which was attached to the skuU by 
cranioplastic cement (Lang Dental Manufacture, Co., Inc., 
Wheeling, IL, USA). Two holes were drilled on each side of the 
skuU with coordinates: 3-3.4 mm caudal from bregma and 1- 
2 mm lateral to the midline to allow access to the LHA later [27]. 
A sterile telemetry temperature probe (TA-F20, Data Sciences, St 
Paul, MN, USA) was implanted into the peritoneal cavity. After 
the incisions were sutured, the animals were allowed to recover for 
at least 7 days. 

After the pretreatment baseline experiments, a pool of siRNA 
(pMCH siRNA or scrambled siRNA, 0.06 nmol in 0.3 ^1 water 
mixed with red IX retrobeads (LumaFluor, Inc. Durham, NC, 
USA) was injected into the LHA in rats under general anesthesia. 
Coordinates for the LHA target site were: 3-3.4 mm caudal to 
bregma; 1-2 mm lateral to the midline and 8-8.8 mm from the 
surface of the skull [27]. 

Blood glucose and Body Weight. Body weight and blood 
glucose level were measured before each physiological experiment. 
To collect blood sample for glucose measurement, a small cut was 
made near the end of the rat tail, and the drops of blood were 
collected directly on the test strip placed in the blood glucometer 
(Contour, Bayer HealthCare LLC, USA). 

Ventilation, Oxygen Consumption and Temperature 
Measurement. The methods used to measure ventilation 
(' Ve), body temperature (T(,) and oxygen consumption (' K02) in 
conscious rats were those commonly used in our lab [29]. Briefly, 
we used the whole body plethysmograph with a volume of 7.6 L 
and a 3.5 L top designed to protect the head pedestal. The 
chamber was connected to a similarly sized reference chamber by 
a high resistance port. Analog output from the pressure transducer 
was sampled at 150 Hz and converted into digital signals by using 
the DATAPAC 2K2 system (RUN Technologies, Mission Viejo, 
CA, USA) on a computer. The rate of gas inflow was maintained 
at &1.4 L min with the plethysmograph at atmospheric 
pressure. CO2 and O2 fractions were sampled from the outflow 
at ~ 100 ml min ' by a CO2 and O2 gas analyzer (AEI 
Technologies, INC., Pittsburgh, PA, USA). The plethysmograph 
was calibrated by obtaining pressure response data from five 
0.3 ml air injections using a 1 ml syringe before each experiment 
began. Breath-by-breath analysis was performed using the 
pressure deflections and the respiratory cycle time for each breath. 

Tidal volume (Vx) and respiratory frequency (fj^) were 
calculated per breath to estimate ventilation per breath. Vt was 
calculated by using the equation published in 1970 [30]. By using 
EEG and EMG criteria, ' was calculated for each animal 
during both quiet wakefulness and NREM sleep and was 



expressed as mean values. ' K02 was calculated by apphcation of 
the Fick principle using the difference in O2 content between 
inflow and outflow air and the flow rate as described previously 
[29]. Core body temperature was measured continuously using the 
signals from the telemetric temperature probe surgically placed in 
the abdomen. The chamber temperature was measured using a 
thermometer inside the plethysmograph. 

Determination of vigilance state 

Raw EEG and EMG signals from electrodes on the skuU and in 
the neck muscles were sampled at 150 Hz, filtered at 0.3-70 and 
0.1-100 Hz, respectively, and were recorded by the DATAPAC 
system across the experimental period. A fast Fourier transform 
was performed on the EEG and EMG signals at 4.0 s long epochs 
to determine the vigilance states as previously described [28,31]. 
The vigilance states were categorized as wakefulness, NREM, and 
REM sleep. Since not all rats have data in REM sleep in both air 
and 5% CO2 breathing conditions the data in REM sleep are 
omitted here. 

Experimental protocol 

The physiological measurements were performed before (base- 
line) and 72 hour after being injected with siRNA (scrambled 
siRNA or pMCH siRNA) during the early dark period. For the 
ventilatory hypercapnic chemoreflex (CO2 response), the rats were 
allowed to acclimate for 1 h under room air (23-25°C) in the 
plethysmograph chamber. In order to obtain data in both 
wakefulness and NREM sleep we recorded baseline data in room 
air for 45 min, and then 5% CO2 for another 45 min. After 
pretreatment baseline experiments, the rats were injected with 
siRNA (scrambled siRNA or pMCH siRNA) through the two pre- 
driUed holes on the skuU during the 1st surgery under general 
anesthesia. 

Anatomy analysis 

Upon completion of the experiments, the rats were euthanized 
with an overdose of Euthasal. The whole brain was dissected, 
frozen, and sectioned at 30 |a.m thickness with a Reichert-Jung 
cryostat (Leica Microsystems, Buffalo Grove, IL, USA). The 
sections were then examined under fluorescence microscopy 
(Olympus, NJ, USA) to verify the injection sites. The third 
ventricle and the fornix were used as tire landmarks to determine 
injection sites in the LHA. 

Statistical analysis 

All data are presented as mean ± standard error of the mean 
(S.E.M.). We used SigmaPlot 11.0 (Systat Software Inc., San Jose, 
CA, USA) to apply one-way ANOVA separately to assess the 
effects of treatments on mRNA expression of pMCH, orexin-A, 
and OXIR with application of Bonferroni's test for post hoc 



PLOS ONE I www.plosone.org 



3 



August 2014 | Volume 9 | Issue 8 | e103585 



Knockdown of pMCH mRNA Expression Enhances Central Chemoreflex 



comparisons. For EIA data, we applied unpaired t-test to MCH 
levels in the CSF after pMCH siRNA or scrambled siRNA 
injections. For analysis of V^./ Va2 and A' Kg, we applied two 
way RM ANOVA with gas and treatment as the two factors then 
applying Bonferroni's post hoc test to compare pre- and post- 
treatment; for comparisons between treatments, we used a two 
way ANOVA with treatment and gas as factors then applying 
Bonferroni's test for post hoc comparisons. To further investigate 
whether treatment effects were dependent on gas components or 
vigilance state, we applied a three way ANOVA with treatment, 
gas and vigilance state as factors. For the analysis of body weight, 
glucose levels and sleep we applied paired t-test to assess the effects 
before and after siRNA injections and one way ANOVA with 
Bonferroni's post hoc test to compare effects among groups. 

Results 

Anatomic Analysis 

A representative example of the anatomic locations of siRNA 
injection sites (bilateral) indicated by fluorescent beads (bright 
white) in the LHA is shown in Fig. 1 A. There is noticeable overlap 
among injection sites. The schematic coronal cross-section of the 
hypothalamus demonstrates the relationship of the injection sites 
(black filled symbols) and the distribution of hypothalamic MCH 
neurons (small grey dots) drawn according to the MCH- 
immunoreactive perikarya staining in the LHA of adult rats 
[16,27] (Fig. IB). Injection sites found outside the LHA, e.g.. 
Fig. IC & D, were considered as off-target injections. 

mRNA expression 

Real-time PGR data showed an average 62% down-regulation 
of pMCH mRNA 48 hours post injection of pMCH siRNA into 
the LHA relative to that of both scrambled siRNA and aCSF 
control groups (Fig. 2A; P = 0.006, one way ANOVA, N = 5 each 
group). Bonferroni's post hoc test showed pMCH mRNA was 
significandy lower in the pMCH siRNA group compared to that in 
the scrambled siRNA group (N = 5, P<0.05) or to that in the 
aCSF group (N = 5, P<0.01). There was no significant difference 
in pMCH mRNA expression between the scrambled siRNA group 
and the aCSF group (N = 5, P>0.05). pMCH mRNA levels in the 
pMCH siRNA group were: mean, 37.5"/!) of the controls; range, 
26.3%— 48.7%; controls being the scrambled siRNA group: mean, 
100%; range, 69.7%-131.7%; in the aCSF group: mean, 107.3% 
of the controls; range, 66.85%-146.15%. We also tested whether 
knocking down pMCH has non-specific effects on the adjacent 
neuronal groups, e.g., orexin neurons, since MCH and orexin 
neurons are intermingled within the LHA (Van den Pol, et al 
2004; Rao ct al, 2008). There was a trend towards an inc:rease 
(—54%) in orexin-A mRNA levels in the pMCH siRNA treated 
group; it was not statistically significant. No significant changes 
were observed in OXIR mRNA levels in any group. These data 
demonstrated that pMCH siRNA has specific targeted effects of 
on pMCH mRNA. 

MCH level in CSF 

Fluorescent EIA showed that knocking down pMCH with 
pMCH siRNA also resulted in a ~4:'i"/o decrease of MCH levels in 
CSF compared to that of scrambled siRNA treated rats (mean ± 
s.e.m.; Fig. 2B, N = 5, 6, respectively; P = 0.02, unpaired t-test). 
MCH peptide levels (1:1 diluted in Ix assay buffer) were 
104.9±7.8 pg/ml and 60.0±9.7 pg/ml in the CSF in scrambled 
siRNA group and pMCH siRNA group, respectively, and the 
lowest level was observed at 48 hr post treatment. 



Hypercapnic chemoreflex 

Compared to the pre-injection baseline, pMCH siRNA induced 
a 42% increase in 'Vi^/'Vc,2 vvhile breathing 5% CO2 during 
quiet wakefulness (Fig. 3, left): before injection, 'Kk/'Ko2 
breathing 5% CO2 was 142±10 ml min"' (100 g)"' and after 
injection was 202±15 ml min"^ (100 g)"^ (N = 6, P = 0.002, two 
way RM ANOVA, Bonferroni's post hoc test). In the scrambled 
siRNA group, no significant difference was observed before and 
after scrambled-siRNA injection (Fig. 3A middle). There was no 
significant difference of ' Fe/ K02 in RA before and after siRNA 
injection in either group. Compared to the rats injected with 
scrambled siRNA, pMCH siRNA injection also induced a 47% 
higher 'Fe/'Foz in 5% CO2 (Fig. 3, right; N = 6, P<0.001, two 
way ANOVA, Bonferroni's post hoc test): V^/ V02 was 
202±15 ml min"' (100 g)"' and 137±7 ml min"' (100 g)"' in 
pMCH siRNA and scrambled siRNA groups, respectively. There 
were no significant changes in 'Ke/'Ko2 induced by siRNA 
injections during NREM sleep in either RA or 5"/o CO2 (Fig. 3B). 
We also conducted a three way ANOVA with Bonferroni's test to 
assess the dependence of the effects of treatment on gas 
components (RA or CO2) and vigilance states (wakefulness or 
NREM sleep). There is a significant interaction between treatment 
and gas components. In RA, no significant difference was found 
in 'V^/'Vo2 comparing pMCH siRNA to scrambled siRNA 
treatment (P= 1); in 5% CO2, pMCH siRNA treated rats had a 
higher I^oa th™ that in the scrambled siRNA group 

(P<0.0()1). The effects of pMCH siRNA were vigilance-state 
dependent; the effects on 'V^/'Vo2 were present only in 
wakefulness (P = 0.002); not in NREM sleep (P = 0.602). 

Since 'V02 was not affected by pMCH-siRNA the enhanced 
Ve/ V02 response to hypercapnia induced by knockdown of 
pMCH was primarily due to increased ventilation. Fig. 4A shows 
that the CO2 response, shown as A' K^, was enhanced after 
knocking down pMCH mRNA expression, from 1 1 7 ±8 ml min ' 
(100 g) ' pre-injection to 233±18ml min ' (100 g) ' post- 
injection in quiet wakefulness (N = 6, P<0.001, two way RM 
ANOVA, Bonferroni's post hoc test) but not in NREM sleep 
(Fig. 4B, N = 6, P= 1, two way RM ANOVA, Bonferroni's post 
hoc test). No such effect was found in the scrambled siRNA 
injected group. The CO2 response in the pMCH group is 
significandy higher than that in the scrambled siRNA treated 
group (N = 6, P<0.001, two way ANOVA, Bonferroni's post hoc 
test). The treatment effects on A' depended on what level of the 
vigilance state was present. There was a statistically significant 
interaction between treatment and vigilance state (P = 0.014). The 
significant effects were in wakefulness. 

Energy Balance 

Fig. 5A shows that 72 hrs after bilateral injections of pMCH 
siRNA, the rats had experienced an ~8% body weight loss; weight 
pre-injection, 275.5±6.5 g; weight post-injection, 252.9±7.7 g 
(N = 6, P = 0.046, paired t-test). In contrast, bilateral injection of 
scrambled-siRNA did not cause any significant weight changes. 
Fig. 5B shows that non-fasting basal glucose levels were reduced 
by pMCH-siRNA injection compared to pre-injection baseline. 
Glucose levels before pMCH siRNA injection were 1 15 ±4 mg/dl 
whereas after pMCH siRNA injection they dropped to 79 ±2 mg/ 
dl, a 31% of decrease (N = 6, P = 0.031, paired t-test). This 
response was not observed in the scrambled siRNA treated group. 
There was no significant difference in the baseline glucose levels 
between pMCH siRNA and scrambled siRNA treated groups 
before injections (N = 6, P = 0.254, one way ANOVA, Bonferro- 
ni's post hoc test). However, after siRNA injection, pMCH siRNA 
treated rats had lower glucose levels compared to that in those 
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Figure 1. Anatomic locations of tlie injection sites. (A) Representative cross section showing the injection sites (fluorescent beads) located 
within the lateral hypothalamic area (LHA), two injections on each side (note: two injections were overlapping on one side). (B) Schematic 
corresponding section of A illustrating the injection sites (black) and the distribution of IVICH neurons (small grey dots, modified from (Paterson & 
Hahn 2010)) in the LHA. (C) Representative section and (D) the schematic corresponding section from a rat showing the injection sites localized 
outside the LHA in the hippocampus. Abbreviations: 3v, third ventricle; f, fornix; hip, hippocampus; mtt, mammillothalamic trac; VMH, ventromedial 
hypothalamus. Scale bar represents 0.5 mm. 
doi:10.1371/journal.pone.0103585.g001 



receiving scrambled siRNA (N = 6, P = 0.012, one way ANOVA, 
Bonferroni's post hoc test). 

Metabolic rate and body temperature were not affected by 
either treatment (data not shown). 

Discussion 

In the present study, we demonstrated that specific knockdown 
of MCH in the CNS via injection of pMCH-siRNA in LHA led to: 
1) an increase in the ventilatory hypercapnic chemoreflex in 
wakefulness but not NREM sleep; and 2) a decrease in body 
weight and basal blood glucose levels in conscious, freely-moving, 
and non-fasting adult rats. 

Knockdown pMCH with siRNA 

RNAi is a widely used potent method to suppress specific gene 
expression in mammalian cells and study gene function. However 



a critical issue in siRNA design is to guarantee that the designed 
siRNA sequences are specific and free of off-target effect. The 
actual mechanism of ofF-target effect is stUl unclear, however it 
has been shown that a partial sequence homology between 
siRNA and its unintended target is one of the contributing factors 
[32,33]. How to evaluate and mitigate the off-target effect is a 
very challenging issue particularly for the whole animal exper- 
iments and human clinical trials [32]. In this study, to verify the 
specificity and minimize the off-target effects we: 1) used a pool of 
three pMCH siRNAs to silence the pMCH gene; 2) measured 
both MCH mRNA expression and the protein level of MCH in 
the CNS in both knockdowns and controls; 3) measured, in vivo, 
the effects of MCH on respiratory response to hypercapnia and 
glucose in both control and knockdown animals; 4) used 
scrambled siRNA as one of the controls; 5) matched analysis of 
the pMCH siRNA sequences with the gene database at GenBank; 
6) measured orexin-A mRNA expression, which is produced by 
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Figure 2. The effects of l(nocl(clown of pMCH mRNA expression on tKie expression levels of pMCH, orexin-A and orexin receptor 1 
(OX1R) mRNA in the LHA (A) and MCH peptide levels in cerebrospinal fluid (CSF; B). (Mean ± S.E.M.). The levels of pMCH, orexIn-A, and 
0X1 R mRNA expression in the LHA were measured by RT-PCR 48 hrs post injections of aCSF (open bars), pIVlCH siRNA (filled bars) or scrambled siRNA 
(hatched bars) into the LHA (A; N = 5 each group; one way ANOVA, Bonferroni's post hoc test). MCH peptide levels in the CSF were measured by EIA 
72 hrs post injections of pIVICH siRNA (black bar) or scrambled siRNA (hatched bar) (N = 5 & 6 respectively; unpaired t-test). Significant difference is 
indicated with *(P<0.05) or ♦*(P<0.01). 
doi:1 0.1 371/journal.pone.0103585.g002 



the adjacent orexin neurons in the LHA. Pooling multiple 
siRNAs has been suggested as one way to reduce the off target 
effects due to competition among the siRNA.s in the pool [32,34]. 
Kittler et al., reported that pooling of multiple siRNAs to the 
same target significantly reduced a number of cells and the 
magnitude of off-target silencing relative to a single siRNA 
in vitro [34]. Both in vitro MCH mRNA expression and MCH 
protein measurements, and in vivo functional measurements of 



the respiratory response to hypcrcapiiia and cliang(;s of body 
weight and basal glucose level demonstrated that we have 
successfully knocked down pMCH in the LHA. Based on the 
match analysis of the pMCH siRNA sequences with the database 
at GenBank, the most likely off-target gene of the pMCH siRNAs 
is Poly [ADP-ribose] polymerase 1 (PARPl) binding protein. 
PARPl is a product transcribed from the opposite strand of the 
MCH gene; however, PARPl binding protein mRNA is not 
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Figure 3. The effects of knockdown of pMCH mRNA expression on tlie ' Fe/' V02 response to Kiypercapnia. ' Ve/' V02 ratio (IVIean ± 
S.E.M.) in room air (RA) and 5% CO2 before (filled circles) and 72 hrs after (open circles) injections of pIVICH siRNA or scrambled siRNA during quiet 
wakefulness (A) and NREM sleep (B) (N = 6; two way RM ANOVA, Bonferroni's test). Significant difference is indicated with **(P<0.01) or ***(P<0.001). 
doi:l 0.1 371 /journal.pone.01 03585.g003 

present in the rat hypothalamus [35]. The other possible off- protein 1 (Ostml), coHed-coil domain containing 124 (Cede 124), 
target genes include TGFB-induced factor homeobox 2-like, X- UFMl -specific peptidase 2 (Ufsp2), and pericentrin (Pent), genes 
linked 2 (Tgif21x2), osteopetrosis associated transmembrane that are not physiologically relevant to MCH function. There- 
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Figure 4. The effects of knockdown of pMCH mRNA expression on CO2 cliemoreflex. Effects of treatments on the changes of ventilation 
from RA to CO2 (A' Ke: the difference between ventilation in RA and in 5% CO2). A' before (Filled bars) and 72 hrs after (open bars) pIVICH or 
scrambled siRNA treatment during quiet wakefulness (A) and NREM sleep (B). (N = 6 each group, two way RM ANOVA, Bonferroni's post hoc test) 
(Mean ± S.E.M.) Significant difference is indicated with *(P<0.05) or **(P<0.01). 
doi:1 0.1 371/journai.pone.01 03585.g004 



fore, we conclude that the observed change of ventilatory 
response to hypercapnia is due to knocking down of pMCH via 
pMCH siRNAs in the LHA. 



Our approach of using siRNA to knockdown the expression of 
the pMCH mRNA was aimed at reducing the synthesis of MCH 
and producing a reduction in MCH levels in the CNS for a short 
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^1 Pre-injection 

^3 Post-injection 

Figure 5. The effect of knockdown of pMCH mRNA expression on body weight and glucose levels. Body weight before (filled bars) and 
72 hrs after (open bars) pMCH siRNA injection or scrambled siRNA Injection (N = 6 each group, paired t-test) (A). Basal glucose levels before (filled 
bars) and 72 hrs after (open bars) pMCH siRNA or scrambled siRNA injection (N = 6 each group, paired t-test) (B). The pMCH siRNA treated group had 
significant lower glucose levels than that of scrambled siRNA treated group (B; one way ANONA). (Mean ± S.E.M.) Significant difference is indicated 
with *(P<0.05). 

doi:1 0.1 371/Journal.pone.01 03585.g005 



period of time. Here we showed that the pMCH-siRNAs 
efEciently lowered pMCH mRNA expression by ~62% in the 
LHA (Fig. 2A) and decreased MCH levels by -43% in the CSF 
(Fig. 2B) while the levels of mRNA expression of orexin-A and 
OXIR were not significantly affected by pMCH siRNA injections 



in the LHA (Fig. 2A). However, aside from MCH, two other 
peptides, neuropeptide-glutamic acid-isoleucine (NEI) and neuro- 

peptide-glycine-glutamir acid (NGE), are also derived from the 
same common precursor pMCH [36], and knocking down the 
pMCH in the LHA may also reduce the levels of NEI and NGE in 
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the CNS [2,14,36]. At the present time, hmited studies on NEI 
and NGE have not demonstrated any biological and physiological 
significance [2], however, a recent report suggest that NEI may 
afiect grooming behavior and motor activity [37]. 

MCH and hypercapnic chemoreflex 

Our present study has demonstrated for the first time in conscious 
animals that MCH is involved in central chemoreflex. Reduced 
expression of the pMCH mRNA, which resulted in a lower MCH 
level in the brain, led to an enhanced hypercapnic ventilatory 
chemoreflex as demonstrated by increased ' V^/' V02 and A' Fe in 
rats in wakefulness (Fig. 3 A & 4A). Since both metabolic rate and 
body temperature were not afiected by pMCH siRNA, we conclude 
that the enhanced hypercapnic chemoreflex (' V^/' V02 and A' 
observed in this study is primarily due to the ventilatory change 
induced by knockdown of MCH expression. How MCH neurons 
participate in regulation of the central hypercapnic chemoreflex is 
not well understood at the present time. A study with injection of a 
rabies virus transneuronal tracer in the diaphragm revealed that 
MCH neurons have multisynaptic connections with the diaphragm 
motoneurons [11]. MCH projections and MCHRl are found in 
man) l)rain sites that contain central chemoreceptors, e.g., the 
RTX, NTS, LC, dorsal and meduUary raphe nucleus [3,12-l,"x38]. 
Presumably MCH neurons can directiy alter the neuronal activity in 
these putative chemoreceptor sites and thus change the chemosen- 
sitivity of the central chemoreflex, or direcdy or indirecdy modulate 
the phrenic motor neuron activity. 

In the LHA, MCH neurons are closely intermingled with 
chemosensitive orexin neurons [11,16,17,19,20,39,40], and have a 
reciprocal synaptic relationship with each other [41]. Orexins are 
predominandy excitatory neuropeptides [42], whereas MCH is 
primarily considered as an inhibitory neuropeptide [20,43^5]. In 
brain slices, orexins direcfly and indirecdy excite the MCH neurons 
[20] while MCH attenuates orexin-A induced excitation in orexin 
n(;ur<)ns [22]. Orexin and MCH neurons are physiologically 
antagonistic in many aspects. In respect to the ventilatory hypercap- 
nic chemoreflex, inhibition of the orexin system decreased the CO2 
chemoreflex [24,31], while here we showed that decreased level of 
MCH in the CNS increased the ventilator^' CO2 chemoreflex. We 
speculate that removing the inhibitor^' MCH influence on orexin 
neurons in the LHA by knockdown of pMCH further facilitates 
orexin excitatory efiects on the central chemoreceptors and 
subsequendy induces an increased central hypercapnic chemoreflex. 
That the enhanced hypercapnic chemoreflex was observed only in 
wakefUness (not in NREM sleep) during the experimental hour in the 
dark period in this study also indirecdy support this hypothesis since 
orexin is most active in wakefulness during the dark period [46]. 
Injection of MCH into the spinal cord significantiy decreased 
sympathetic responses to both anoxia and hypercapnia but the 
respiratory (phrenic activity) response remained unchanged in 
anesthetized rats (Egwuenu et al., 2012). In summary, our study 
suggests that MCH, in contrast to orexin, acts to suppress the central 
h^'percapnic chemoreflex. 

MCH and body weight, glucose level, metabolic rate and 
body temperature 

The rats treated with pMCH siRNA experienced an 1 1 % body 
weight loss at ~72 hrs after injection (Fig. 5 A) in our study. 

References 

1 . Saito Y, Nagasaki H (2008) The melaiiiii-conccntrating hormone system and its 
physiological functions. Results Probl Cell Differ 46: 159-179. 



however all rats were in good health with no signs of dehydration 
or stress. The weight loss resulted by decreased central MCH in 
this study is consistent with the general role of MCH on feeding 

and body weight as reported by other groups [4,5,47-51]. 

We also observed a significant reduction in the non-fasting basal 
glucose levels after knocking down pMCH mRNA (Fig. 5B). 
MCH is involved in the glucose regulation, which has been 
discussed in detail in many recent publications [5,42,52-54]. 
Overexpression of MCH in mice leads to obesity and insulin 
resistance [5,54], and in contrast, pMCH '' and MCH-neuron- 
ablated mice are lean with improved insulin sensitivity [55,56]. 
The decreased non-fasting basal glucose levels after knockdown of 
pMCH mRNA in our study may be the result of improved glucose 
metabolism induced by lower levels of central MCH. 

MCH and sleep homeostasis 

MCH neurons discharge maximally during REM sleep and 
occasionally during NREM and are silent during wakefulness [46] . 
However, the mechanism by which MCH affects the sleep-wake 
cycle remains controversial at present time. We have decided not 
to draw any conclusions on the eflFect of knocking down MCH on 
the sleep-wake cycle for the foUowing reasons. 1) Our current 
study was optimized to evaluate the maximal changes of 
ventilation in air-hypercapnic conditions in wakefulness and sleep 
at the beginning of the dark period, and therefore these data only 
reflected the changes of wakefulness-sleep during this particular 
period. 2) Our siRNA induced change of MCH in the CNS was 
short lasting. In our case, the lowest MCH mRNA expression was 
obser\'ed at 48 hr post injection, and it came back to normal after 
72 hr. We think that it is very difficult to study the effect of MCH 
on sleep-wake cycle, which requires many hours of recording, 
while the level of MCH in the CNS is not stable; 3) To accurately 
address the issue of MCH knock-down effects on sleep will require 
a different experimental design with more than 24 hr continuous 
recording with steady level or levels of MCH in the CNS. 

In conclusion, decreasing the l(;vel of MCH via knockdown of 
pMCH mRNA expression in LHA and in the CNS: 1) enhanced 
the ventilatory response to hypercapnia in wakefulness; and 2) 
induced weight loss and lowered basal non-fasting glucose levels in 
conscious rats. These data suggest that the neuropeptide MCH in 
the LHA potentially functions as a negative feedback modulator in 
regulation of the central chemoreflex and may be the link between 
energy homeostasis and autonomic function. 

Acknowledgments 

The authors thank Mickey V. Patel for helping with RT-PCR mRNA 
work, Matthew P. DeBerge for assistance in EIA experiments, and Bryan 
Luikart for assistance in the interpretation of RNA interference 
experiments. 

Author Contributions 

Conccix'cd and designed the experiments: NL AL EN. Performed the 
experiments: NL. Analyzed the data: NL. Contributed reagents/materials/ 
analysis tools: NL AL EN. Contributed to the writing of the manuscript: 
NL AL EN. 



2. Bittcncourt JC (2011) Anatomical organization of the melanin-concentrating 
hormone peptide family in the mammalian brain. Gen Comp Endocrinol 172: 
185-197. 



PLOS ONE I www.plosone.org 



10 



August 2014 I Volume 9 | Issue 8 | e103585 



Knockdown of pMCH mRNA Expression Enhances Central Chemoreflex 



3. Skofitsch G, Jacobowitz DM, Zamir N (1985) Immunohistochcmical localization 
of a melanin concentrating hormone-like peptide in the rat brain. Brain Res Bull 
15: 635-649. 

4. Della-Zuana O, Presse F, Ortola G, Duhault J, Nahon JL, et al. (2002) Acute 
and chronic administration of melanin-concentrating hormone enhances food 
intake and body weight in Wistar and Sprague-Dawley rats. Int J Obes Relat 
Metab Disord 26: 1289-1295. 

5. Ludwig DS, Tritos NA, Mastailis JW". Knlkarni R. KokkcMcM. E. el al. (2001) 
Melanin-concentrating hormone ovcrcxprcssion in transgenic mice leads to 
obesity and insulin resistance. J Clin Invest 107: 379-386. 

6. Lagos P, Torterolo P, Jantos H, Chase MH, Monti JM (2009) Effects on sleep of 
melanin-concentrating hormone (MCH) microinjections into the dorsal raphe 
nucleus. Brain Res 1265: 103-110. 

7. Lagos P, Urbanavicius J, Scorza MC, Miraballes R, Torterolo P (2011) 
Depressive-like profile induced by MCH microinjections into the dorsal raphe 
nucleus evaluated in the forced swim test. Behav Brain Res 218: 259 266. 

8. Brown SN, (.^hitravanshi VC, Kawabr K, Sapru HN (2007) Microinjections of 
melanin concentrating hormone into the nucleus trarfus solitarius of the rat elicit 
depressor and bradycardic responses. Neuroscience 150: 796—806. 

9. Messina MM, Overton JM (2007) Cardiovascular eficcts of melanin-concen- 
trating hormone. Regul Pept 139: 23-30. 

10. Egwuenu EJ, Fong AY, Pilowsky PM (2012) Intrathecal melanin-concentrating 
hormone reduces sympathetic tone and blocks cardiovascular reflexes. 
Am J Physiol Regul Integr Comp Physiol 303: R624-632. 

11. Badami VM, Rice CD, Lois JH, MadrechaJ, Yates BJ (2010) Distribution of 
hypothalamic neurons with orexin (hypocretin) or melanin concentrating 
hormone (MCH) immunorc activity and multisynaptic connections with 
diaphragm motoneurons. Brain Res 1323: 119-126. 

12. Severson CA, Wang W, Pieribone VA, Dohle CI, Richerson GB (2003) 
MidbrEun serotonergic neurons £U"e central pH chemoreceptors. Nat Neurosci 6: 
1139-1140. 

13. BittencourtJC, Presse F, Arias C, Peto C, Vaughan J, et al. (1992) The melanin- 
concentrating hormone system of the rat brain: an immuno- and hybridization 
histochemical characterization. J Comp Neurol 319: 218—245. 

14. Biancardi V, Bicego KC, Almeida M(.^, (jargaglioni LH (2008) Locus coeruleus 
noradrenergic neurons and C02 drive to breathing. Pflugers Arch 455: 1119— 
1128. 

15. Nattie EE, Li A (2002) C02 dialysis in nucleus tractus sohtarius region of rat 
increases ventilation in sleep and wakefulness. J AppI Physiol 92: 21 19-2130. 

16. Hahn JD (2010) Comparison of melanin-concentrating hormone and hypocre- 
tin/ orexin peptide expression patterns in a current parceling scheme of the 
lateral hypothalamic zone. Neurosci Lett 468: 12-17. 

17. Kcrman lA, Bernard R, Rosenthal D, Beals J, Akil H, et al. (2007) Distinct 
populations of prcsympathetic-premotor neurons express orexin or melanin- 
concentrating hormone in the rat lateral hypothalamus. J Comp Neurol 505: 
586-601. 

18. Leinninger GM (2011) Lateral thinking about leptin: a review of leptin action via 
the lateral hypothalamus. Physiol Behav 104: 572-581. 

19. Louis GW, Leinninger GM, Rhodes CJ, Myers MG, Jr. (2010) Direct 
innervation and modulation of orexin neurons by lateral hypothalamic LepRb 
neurons. J Neurosci 30: 11278-11287. 

20. van den Pol AN, Acuna-Goycolea C, Clark KR, Ghosh PK (2004) Physiological 
properties of hypothalamic MC ^H neurons identified with selective expression of 
reporter gene after recombinant virus infection. Neuron 42: 635—652. 

21. Li Y, van den Pol AN (2006) Differential target-dependent actions of 
coexpressed inhibitory dynorphin and excitatory hypocretin/orexin neuropep- 
tides. J Neurosci 26: 13037-13047. 

22. Rao Y, Lu M, Ge F, Marsh DJ, Qjan S, et al. (2008) Regulation of synaptic 
efficacy in hypocretin/orexin-containing neurons by melanin concentrating 
hormone in the lateral hypothalamus. J Neurosci 28: 9101—9110. 

23. Shirasaka T, Kunitake T, Takasaki M, Kannan H (2002) Neuronal effects of 
orexins: relevant to sympathetic and cardiovascular functions. Regul Pept 104; 
91-95. 

24. Nattie E, Li A (2012) Respiration and autonomic regulation and orexin. Prog 
Brain Res 198: 25-46. 

25. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, et al. (1998) Potent and 
specific genetic interference by double-stranded RNA in Caenorhabditis elegans. 
Nature 391: 806-811. 

26. Chen L, Thakkar MM, Winston S, Bolortuya Y, Basheer R, et al. (2006) REM 
sleep changes in rats induced by siRNA-mediated orexin knockdown. 
Eur J Neurosci 24: 2039-2048. 

27. Paxinos Watson (1998) The Rat Brain in Stereotaxic Coordinates. New York: 
Academic Press. 

28. Li A, Zhou S, Nattie E (2006) Simultaneous inhibition of caudal medullary 
raphe and retrotrapezoid nucleus decreases breathing and the COj response in 
conscious rats. J Physiol 577: 307-318. 

29. Li A, Nattie E (2006) Catecholamine neurones in rats modulate sleep, breathing, 
central chemoreception and breathing \ ariabilit\ . J Ph\siol 570: 385 396. 

30. Bartlett D, Jr., Tenney SM (1970) Control of breathing in experimental anemia. 
Respir Physiol 10: 384-395. 



31. Li A, Nattie E (2010) Antagonism of rat orexin receptors by almorexant 
attenuates central chemoreception in wakefulness in the active period of the 
diurnal cycle. J Physiol 588: 2935-2944. 

32. Jackson AL, Linsley PS (2010) Recognizing and avoiding siRNA off-target effects 
for tEU'get identification and therapeutic appHcation. Nat Rev Drug Discov 9: 
57-67. 

33. Jackson AL, Bartz SR, Schelter J, Kobayashi SV, Burchard J, et al. (2003) 
Expression profiling reveals off-target gene regulation by RNAi. Nat Biotechnol 

21: 635-637. 

34. Kittler R, Surendranath V, Heninger AK, Slabicki M, Theis M, et al. (2007) 
Genome-wide resources of endoribonuclcasc-preparcd short interfering RNAs 
for specific loss-of-function studies. Nat Methods 4: 337—344. 

35. Borsu L, Presse F, Nahon JL (2000) The AROM gene, spliced mRNAs encoding 
new DNA/RNA-binding proteins are transcribed from the opposite strand of 
the melanin-concentrating hormone gene in mammals. J Biol Chem 275: 
40576-40587. 

36. Nahon JL, Presse F, Bittencourt JC, Sawchenko PE, Vale \V (1989) The rat 
melanin-concentrating hormone messenger ribonucleic acid encodes multiple 
putative neuropeptides coexpressed in the dorsolateral hypothalamus. Endocri- 
nology 125: 2056-2065. 

37. Sanchez MS, Crcmer MC, Cells ME (1999) Effects and interactions between 
alpha-MSH and MCH/NEI upon striatal cAMP levels. Peptides 20: 611-614. 

38. Saito Y, Cheng M, Leslie EM, Civelli O (2001) Expression of tiie melanin- 
concentrating hormone (MCH) receptor mRNA in the rat brain. J Comp 
Neurol 435: 26-40. 

39. Li N, Li A, Nattie E (2012) Focal Mierodialysis of CO(2) in the Perifornical- 
Hypothalamic Area Increases Ventilation during Wakefulness but not NREM 
sleep. Respir Ph\ siol Neurobiol. 

40. Williams RH, Jensen LT, Verkhratsky A, Fugger L, Burdakov D (2007) Control 
of hypothalamic orexin neurons by acid and CO2. Proc Natl Acad Sci USA 
104: 10685-10690. 

41. Guan JL, Uehara K, Lu S, Wang QP, Funahashi H, et al. (2002) Reciprocal 
synaptic relationships between orexin- and melanin-concentrating hormone- 
containing neurons in the rat lateral hypothalamus: a novel circuit implicated in 
feeding regulation. Int J Obes Relat Metab Disord 26: 1523-1532. 

42. Burdakov D, Kamani MM, Gonzalez A (2013) Lateral hypothalamus as a 
sensor-regulator in respiratory and metabolic control. Physiol Behav 121: 117- 
124. 

43. Meister B (2007) X^llrolran^nliltcrs in key neurons of the hypothalamus that 
regulate feeding behavior and body weight. Physiol Behav 92: 263—271. 

44. Ehas CF, Sita LV, Zambon BK, Oliveira ER, Vasconcelos LA, et al. (2008) 
Melanin-concentrating hormone projections to areas involved in somatomotor 
responses. J Chem Neuroanat 35: 188-201. 

45. Wu M, Dumalska I, Morozova E, van den Pol A, Alreja M (2009) Melanin- 
concentrating hormone directiy inhibits GnRH neurons and blocks kisspeptin 
activation, linking energy balance to reproduction. Proc Nati Acad Sci USA 
106: 17217-17222. 

46. Hassani OK, Lee MG, Jones BE (2009) Melanin-concentrating hormone 
neurons discharge in a reciprocal manner to orexin neurons across the sleep- 
wake cycle. Proc Nad Acad Sci U S A 106: 2418 -2422. 

47. Alon T, Friedman JM (2006) Late-onset leanness in mice with targeted ablation 
of melanin concentrating hormone neurons. J Neurosci 26: 389-397. 

48. Clegg DJ, Air EL, Benoit SC, Sakai RS, Seeley RJ, et al. (2003) Intraventricular 
melanin-concentrating hormone stimulates water intake independent of food 
intake. AmJ Physiol Regul Integr Comp Physio! 284: R494-^99. 

49. Marsh DJ, Weingarth DT, Novi DE, Chen HY, Trumbauer ME, et al. (2002) 
Melanin-concentrating hormone 1 receptor-deficient mice are lean, hyperactive, 
and hyperphagic and have altered metabolism. Proc Natl Acad Sci USA 99: 
3240 3245. 

50. Nahon JL (2006) The melanocortins and melanin-concentrating hormone in the 
central regulation of feeding behavior and energy homeostasis. C R Biol 329: 
623-638; discussion 653-625. 

51. Shimada M, Tritos NA, Lowell BB, Flier JS, Maratos-Flier E (1998) Mice 
lacking melanin-concentrating hormone are hypophagic and lean. Nature 396: 
670-674. 

52. Burdakov D, Luckman SM, Verkhratsky A (2005) Glucose-sensing neurons of 
the hypothalamus. Philos Trans R Soc Lond B Biol Sci 360: 2227-2235. 

53. Kong D, Vong L, Parton LE, Ye C, Tong Q, et al. (2010) (jIucosc stimulation of 
hypothalamic MCH neurons involves K(ATP) channels, is modulated by UCP2, 
and regulates peripheral glucose homeostasis. Cell Metab 12: 545-552. 

54. Pereira-da-Silva M, De Souza CT, Gasparetti AL, Saad MJ, Velloso LA (2005) 
Melanin-concentrating hormone induces insulin resistance through a mecha- 
nism independent of body weight gain. J Endocrinol 186: 193—201. 

55. Whiddon BB, Palmiter RD (2013) Ablation of neurons expressing melanin- 
concentrating hormone (MCH) in adult mice improves glucose tolerance 
independent of MCTl signaling, j Neurosci 33: 2009 2016. 

56. Wang Y, Ziogas DC.:, Biddinger S, Knkkoloii L (2010) You descr\ (- whal \ou eai: 
lessons learned from the study of the melanin-concentrating hormone (MCH)- 
deficient mice. Gut 59: 1625-1634. 



PLOS ONE I www.plosone.org 



11 



August 2014 I Volume 9 | Issue 8 | e103585 



